This paper deals with online parameter estimation of an electrohydraulic servo (EHS) system and with robust control of the EHS system utilizing the parameter estimated online. In this study, the natural frequency of the EHS system is estimated using pressure sensors based on the equation of motion and equation of continuity, and the estimate of the natural frequency is utilized to enhance the robustness of the EHS system combined with a parallel feed-forward compensator (PFC). The optimal value of one of the PFC parameters is strongly influenced by the natural frequency of the EHS system and is adaptively varied using the estimate of the natural frequency. It is shown that the natural frequency of the EHS system can be estimated relatively accurately using the method proposed, and that the robustness of the EHS system to the plant parameter variations can be enhanced by adapting the PFC parameter.
INTRODUCTION
An electrohydraulic servo (EHS) system usually suffers from parametric variations and disturbances. When the magnitudes of the parametric variations and/or the disturbances are large, the control performance of the EHS system degrades to some or a great degree even in the case where a robust control scheme such as sliding mode control or H infinity control is used. In such a case, an adaptive algorithm needs to be incorporated. This paper treats an online estimation of the natural frequency of the EHS system, which is the most important of the linearization parameters, as well as the update of the controller parameters using the estimate of the natural frequency. Simple adaptive control (SAC) theory is considered to be one of the most promising control theories due to its simple structure and high robustness [1] [2] [3] In order for the SAC scheme to be applied, a plant must be almost strictly positive real (ASPR). Most plants including EHS systems, however, do not satisfy the ASPR condition. In such a case, a feedforward compensator is added in parallel with the plant, and the compensator is called the parallel feedforward compensator (PFC). The PFC is added in order for the augmented plant, which is the parallel combination of the plant and the PFC, to satisfy the ASPR conditions [1] . Some methods to determine the structure of the PFC have so far been proposed [1] , but no clear method to determine the parameters included in the PFC has been proposed to date. Because of this, the PFC parameters are usually determined by trial and error. The PFC parameters have a strong influence on both the ASPR conditions and the response characteristic of the plant output. In addition, the optimal values of the PFC parameters are strongly dependent on the plant parameters. Therefore, the control performance may degrade when the plant parameters are largely varied, even though the ASPR conditions are maintained. This investigation aims at developing a robust controller by which a good performance is always attained even under large variations of the EHS system's parameters. In this paper, a method to tune the PFC parameters online, which is based on the value of the natural frequency of the EHS system estimated online, is proposed and the usefulness of the scheme is examined. The organization of the paper is as follows. First, the EHS system used is described, Second, the structure of the PFC used and the ASPR conditions of the augmented plant are given. Third, the selection criterion of the PFC parameters is proposed. Fourth, the online estimation algorithm of the natural frequency of the EHS system is presented. Fifth, the simulation and experimental results are given. Finally, the conclusion is described.
CONTRL SYSTEM HARDWEAR
In this paper, the position control of an EHS system is treated. Figure  1 shows a schematic of The augmented plant is given by Ga(s)= Gp (s)+ Gpfc(s). The ASPR conditions for an SISO system are given by the following [5] : C1) The relative degree is 0 or 1. C2) The coefficient of the highest-order term in the numerator polynomial is positive. C3) The system is minimum phase. The above conditions C l and C2 can be easily satisfied by selecting the PFC as given by Eq. (2) where tf stands for half of the period of the rectangular input. where the subscript l indicates the lowpass filtered variables. The values of the flow rates, qi and q2, are calculated using the nonlinear flow rate characteristic equations of the servo valve; the spool displacement is estimated by assuming the spool dynamics as the fi rst-order system. A parameter update law for Be similar to Eqs.(12),(13) is obtained. By substituting to and Be for m and Be in Eq.(6), the estimate, con, of wn, can be calculated.
RESULTS
In this investigation, in order to make clear the efiect of the online tuning of the PFC parameter, a simple proportional control with a variable gain shown in Fig.7 was used. The block written as Estimator includes the algorithm to estimate the natural frequency. The PFC parameter a was adaptively varied according to the variation of the value of the natural frequency; the adaptive rule was a =26,,,. Another parameter /3 was kept at a constant value determined ofiline in advance. The proportional gain was generated according to the following adaptive rule with a constant weight, y: As can be seen from Fig.8 , the control performance may be deteriorated under a constant a when the variation of the plant parameters is large. Figure 9 shows a simulation result obtained when the estimation of the natural frequency and the adaptation of the parameter a were made. Before t=5 sec, the parameter a is fixed at a constant value (230rad/s) designed using the value of the natural frequency initially estimated (115rad/s). In the same manner as the lower figure in Fig.8 , an oscillatory motion takes place. At the instant the estimation of the natural frequency and the adaptation of a accompanying it start at t= 5 sec, the response becomes smooth. This is because, as can be seen from the lower figure in Fig.9 , the natural frequency can be quickly estimated in a relatively good accuracy. The usefulness of the control scheme proposed has been demonstrated by simulation. Figure  9 Simulation result under adaptive a An experimental result is shown in Fig.10 . The experimental conditions are almost the same as those in the simulation shown in Fig.9 , except for the initial value of the natural frequency of the EHS system. The dashed and dash-dot lines in the lower figure in Fig.10 show the values of the natural frequency estimated offline by two methods: the least-squares method using the ARX model and the self-excited vibration method [6] . The results obtained by the two estimation methods are roughly identical and the mean value (60rad/s) of the two can be regarded as the true natural frequency. The response is very steep in the vicinity of the reference input (yp =r= 0.15m) before the adaptation of a begins at t = 5 sec. However, after the beginning of the adaptation of a at t=5 sec, the response becomes smooth near both at y p =r= 0.15m and at 0.05m. The estimation of the natural frequency is made relatively quickly and accurately, though not so fast compared to the simulation shown in Fig.9 . The usefulness of the control scheme proposed has been demonstrated also by experiment. 
CONCLUSION
In this paper, a criterion to determine the values of the PFC parameters, an online estimation method of the natural frequency of an EHS system and an adaptive, robust control scheme with the PFC have been proposed.
It has been shown that the natural angular frequency can be estimated online in a relatively good accuracy by the method proposed, and that the control performance of the EHS system can be enhanced by adaptively changing a PFC parameter according to the variation of the natural frequency.
